Abstract-This talk reviews modified uni-traveling carrier (MUTC) photodiodes that have achieved high RF output power levels of up to 1.8 Watt. Discrete wideband photodiodes, narrowband photodiodes, and photodiode arrays and their applications in analog links and photonic microwave generation are discussed.
I. INTRODUCTION High-power, high-linearity photodiodes are being employed in a growing number of applications including RF over fiber, generation of low phase noise microwave signals, and fiber optic antenna link systems. Operating the photodiode (PD) at high power levels provides several advantages such as high link gain, high spurious free dynamic range, and low noise figure. To achieve high RF output power, various photodiode structures have been developed [1] [2] [3] among which the uni-traveling carrier (UTC) PD [3] has demonstrated high saturation current at very high frequency. To address the two primary effects that limit the RF output power of photodiodes, space-charge and thermal, we developed charge-compensated modified uni-traveling carrier (MUTC) photodiodes flip-chip bonded on high-thermal conductivity substrates.
II. DISCRETE MUTC PHOTODIODES Our PD epitaxial layer structure corresponds to a chargecompensated MUTC PD with both absorbing (InGaAs) and non-absorbing (InP) depleted regions [4] and was previously reported in ref. [5] . The InP electron drift layer is lightly n-type doped to compensate the electric field reduction caused by the space charge in the presence of high photocurrents [6] . A moderately doped cliff layer is integrated between the absorber and the drift layer to enhance the field in the depleted absorber layer. Back-illuminated mesa PDs were fabricated using dry etching processes. Metal stacks of Ti/Pt/Au and Ti/AuGe/Au were used for p-and n-metal contacts, respectively. A 250-nmthick SiO 2 layer was deposited on the InP substrate as an antireflection coating. To improve thermal dissipation MUTC PD chips were flip-chip bonded onto high-thermal conductivity submounts using an Au-Au thermo-compression bonding process [5] . Recently, we demonstrated MUTC PDs flip-chip bonded to chemical-vapor-deposition (CVD) diamond submounts [7] . Owing to the high thermal conductivity of the CVD diamond of >500 W/m/K, photodiodes with diameters of 28 μm, 34 μm, 40 μm, and 50 μm achieved RF output powers of 26 dBm at 25 GHz, 28 dBm at 20 GHz, 29.6 dBm at 15 GHz, respectively, and 32.7 dBm for a 50 μm device at 10 GHz, without active cooling. Compared with a 50 μm-diameter device on an AlN submount [8] , the PDs bonded on diamond achieved up to 80 % greater RF output power. The corresponding dissipated power was as high as 2.5 W. The reponsivity was 0.75 A/W at 1.55 µm. Using an optical heterodyne setup with a modulation depth of 100 % we measured a power conversion efficiency (PCE) of 42 %, 38 %, and 37 % at 10 GHz, 20 GHz and 25 GHz, respectively, which compares favorably with previously published results in ref. [21] . An even higher PCE of 60 % was measured when using a Mach-Zehnder modulator biased away from its quadrature point.
Similar devices were also used in ref. [22] to demonstrate a high-performance analog fiber optic link up to 10 GHz. Since we were able to operate the MUTC PD at high photocurrent a very high gain of 26 dB was achieved. At 10 GHz, the noise figure was only 6.7 dB.
Recently, we fabricated fully packaged flip-chip bonded MUTC PDs [23] . The fiber-pigtailed hermetic PD modules were equipped with a Peltier element for cooling and a high- frequency V-connector. Under cw large-signal operation, high RF output power levels were measured reaching 25 dBm at 10 GHz, 22 dBm at 20 GHz and 17 dBm at 30 GHz. Linearity of the PD modules was measured using the output third order intercept point (OIP3) as a figure of merit. High values of OIP3 were obtained being 30 dBm at 10 GHz and more than 20 dBm at 30 GHz. When illuminated by short pulses an RF power of > 21 dBm was measured at 10 GHz using selective RF filtering. A very low AM-to-PM conversion factor was measured, making the PD modules highly suitable for use in photonic systems for ultralow phase noise high-power RF signal generation [24] .
III. MUTC PDS WITH MICROWAVE MATCHING CIRCUITS AND PD ARRAYS MUTC PDs were also integrated with microwave matching circuits to improve RF responsivity and output power in a narrower frequency band [25] . Fig. 2 (a) shows a schematic of a PD with an open stub circuit [26] . By optimizing the lengths of the coplanar waveguide transmission lines (l 1 , l 2 , and l 3 ) the impedance of the PD was matched to the 50 Ω load impedance at the operating frequency of 20 GHz. Fig. 2 (b) shows a micrograph of the fabricated circuit on AlN substrate after flipchip bonding the MUTC photodiode chip. From the measurements we found a power enhancement of more than 6 dB when compared to a similar photodiode but without matching circuit. Our devices reached output RF power levels as high as 23 dBm at 140 mA average photocurrent and 6 V bias voltage.
Another solution to increase output RF power is to divide the optical signal between a parallel array of photodiodes and to combine their output photocurrents in phase. In ref [27] we reported an array of four 28 µm-diameter MUTC PDs that was flip-chip bonded to an AlN submount with an integrated transmission line. The individual photocurrents were phasematched using external optical delay lines. The measured output power reached 21 dBm at 48 GHz with a saturation current as high as 350 mA. The array dissipated 3.25 W before thermal failure.
IV. SUMMARY
Flip-chip bonded MUTC photodiodes with record-high output RF power of 1.8 W at 10 GHz have been developed for photonic analog applications. Integration with microwave matching circuits and arrayed configurations can further improve AC responsivity and output power.
